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We investigate how outgrowth at the basolateral cell
membrane is coordinated with apical lumen forma-
tion in the development of a biological tube by char-
acterizing exc-6, a gene required for C. elegans
excretory cell (EC) tubulogenesis. We show that
EXC-6 is orthologous to the human formin INF2,
which polymerizes filamentous actin (F-actin) and
binds microtubules (MTs) in vitro. Dominant INF2
mutations cause focal segmental glomerulosclerosis
(FSGS), a kidney disease, and FSGS+Charcot-Marie-
Tooth neuropathy. We show that activated INF2 can
substitute for EXC-6 in C. elegans and that disease-
associated mutations cause constitutive activity. Us-
ing genetic analysis and live imaging, we show that
exc-6 regulates MT and F-actin accumulation at
EC tips and dynamics of basolateral-localized MTs,
indicating that EXC-6 organizes F-actin and MT
cytoskeletons during tubulogenesis. The pathology
associated with INF2 mutations is believed to reflect
misregulation of F-actin, but our results suggest
alternative or additional mechanisms via effects on
MT dynamics.
INTRODUCTION
Biological tubes are important for the function of most organs.
Tubulogenesis requires conservedmechanisms, such as regula-
tion of apicobasal polarity, vesicle-mediated trafficking, cell
migration, and cell outgrowth (Iruela-Arispe and Beitel, 2013).
Several inherited disorders affecting biological tubes, such as
kidney and vascular diseases, have been identified (Carmeliet,
2003; Little et al., 2010). Therefore, insights into the regulation
of cell biological processes underlying tubulogenesis are rele-
vant to normal development and disease.
The C. elegans excretory cell (EC) is the fluid-collecting unit of
an osmoregulatory system and a tractable model to study tubu-
logenesis (Abdus-Saboor et al., 2011; Buechner et al., 1999).
The EC generates bilateral canals during embryogenesis: twoDeveloprocesses first grow dorsally from the left and right sides of
the EC body, and then the outgrowth of both processes
switches to an anteroposterior direction. During embryogenesis
and the first larval stage, these canals grow until they span
almost the entire length of the animal, and they continue to
grow to keep up with the lengthening body (Buechner et al.,
1999) (Figure 1A).
Unicellular tubes similar to the EC are found in Drosophila
(Gervais and Casanova, 2010) and vertebrates (Herwig et al.,
2011; Kamei et al., 2006), and they arise by similar and
conserved mechanisms. The EC lumen (Figure 1B) forms dur-
ing embryogenesis at the epithelial junction between the EC
and the duct cell, its direct neighbor (Abdus-Saboor et al.,
2011), as in the Drosophila tracheal terminal cell (Gervais and
Casanova, 2010) and zebrafish blood vessel fusion events
(Herwig et al., 2011). The EC lumen forms via coalescence
and fusion of intracellular vesicles, which provide the lumen-
lining apical membrane (Berry et al., 2003; Kolotuev et al.,
2013), as in vertebrate vascular endothelial cells (Kamei
et al., 2006). In the EC, lumen extension requires forces gener-
ated by fluid efflux, promoted by a conserved aquaporin local-
ized to the apical membrane via interaction with ERM-1, a
membrane and F-actin-binding protein of the Ezrin/Radixin/
Moesin family (Khan et al., 2013). Similarly, blood flow is
required for lumen extension in unicellular tubes of the zebra-
fish vascular system (Herwig et al., 2011). Finally, EC lumen
size and integrity are regulated by conserved modulators of
the actin cytoskeleton (Gao et al., 2001; Go¨bel et al., 2004; Su-
zuki et al., 2001; Tong and Buechner, 2008) and by a
conserved chloride intracellular channel (Berry et al., 2003)
whose vertebrate ortholog plays a role in angiogenesis (Tung
et al., 2009; Ulmasov et al., 2009).
Here, we address an important outstanding question as to
how tubulogenesis is regulated by investigating how cell
outgrowth, which is driven at the basolateral cell membrane, is
coordinated with apical lumen formation. Although it is known
that, during EC tubulogenesis, outgrowth of the basolateral
membrane occurs prior to formation of apical lumen (Kolotuev
et al., 2013), the molecular mechanisms that coordinate the
growth of apical and basolateral domains are not known. Addi-
tionally, how the microtubule (MT) and actin cytoskeletons are
regulated during tubulogenesis remains unknown, although
studies of the Drosophila tracheal terminal cell have shownpmental Cell 32, 743–755, March 23, 2015 ª2015 Elsevier Inc. 743
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Figure 1. Characterization of exc-6/INF2
(A) Wild-type hermaphrodite carrying arIs164, a transgene that expresses Venus in the EC.
(B–B0 0 0) In (B), a magnification is shown of the EC of a hermaphrodite carrying arIs198, a transgene expressing (B0) cytoplasmic CFP and (B0 0) the F-actin-binding
probe LifeAct::TagRFP, which accumulates apically at the lumen. (B0 0 0) shows a merged image of cytoplasmic CFP and LifeAct::TagRFP. Arrowheads show
lumen width.
(C) exc-6(rh103); arIs164 hermaphrodite.
(D–D0 0 0) In (D), a magnification is shown of an exc-6(0); arIs198 hermaphrodite expressing (D0) CFP and (D0 0) LifeAct::TagRFP. (D0 0 0) shows a merged image of
cytoplasmic CFP and LifeAct::TagRFP. Arrowheads outline continuous, but slightly enlarged, ectopic lumens (Buechner et al., 1999).
(E) Schematic of INF2 and EXC-6, highlighting domains and conserved actin-binding isoleucine (Ile) and lysine (Lys) residues.
(F) Rescue of exc-6(0) by EXC-6 proteins. Here, and in (G), each bar represents an independent transgenic line; n > 25 animals were scored for each line.
Significance versus Venus alone in exc-6(0) (row 1) was calculated by a Fisher’s exact two-tailed test. Full-length EXC-6 (row 2) rescues, whereas actin-binding
mutants (rows 3, 4) are unable to rescue.
(G) Rescue of exc-6(0) by human INF2. Full-length INF2was unable to rescue (row 2), but constitutively active INF2(FH1FH2) showed significant rescue (row 3). All
disease-causing mutants (two FSGS- (rows 4, 5) and two FSGS+CMT-(rows 6, 7) causing mutations, acted like constitutively active INF2, confirming that these
mutations cause constitutive, rather than dominant-negative or neomorphic, function.
Scale bars, (A and C), 50 mm; all others, 5 mm. v, vulva, roughly the midpoint length of the hermaphrodite; a, anus, generally the posteriormost extent of EC canal
extension.
*p% 0.05; **p% 0.01; ***p% 0.001.
See also Supplemental Experimental Procedures.
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that outgrowth is associated with actin accumulation at the ba-
solateral tip and MT accumulation along the growing apical
lumen and at the basolateral tip, and that MTs are required for
lumen formation and cell outgrowth (Gervais and Casanova,
2010).
In C. elegans, several genes that mediate EC development
were identified in a pioneering screen for mutations causing
cystic ECs (Buechner et al., 1999). The single allele of exc-6
had a unique phenotype: shortened canals with multiple contin-
uous lumens of normal diameter (Buechner et al., 1999). Even as
other mutants affecting EC outgrowth have been described,
none have been reported to have multiple lumens (Hedgecock
et al., 1987; Marcus-Gueret et al., 2012; McShea et al., 2013;
Schmidt et al., 2009). Therefore, analysis of exc-6 offered great
promise for illuminating how cell outgrowth and lumen formation
are coordinated.
Here, we show that EXC-6 is an ortholog of the vertebrate for-
min INF2, andweprovide evidence fromgenetic interactions and
live imaging that EXC-6 organizes F-actin and MT cytoskeletons
during tubulogenesis. We show that activated human INF2 can
substitute for EXC-6 inC. elegans, revealing a conserved primor-
dial function, distinct from a previously described role for INF2 in
lumen formation in cultured hepatocytes and Madin-Darby
canine kidney (MDCK) cells (Madrid et al., 2010; further dis-
cussed later). INF2 has been shown in vitro and ex vivo to bind
actin and promote its polymerization and to bindMTs andmodu-
late their stability (Andre´s-Delgado et al., 2012; Chhabra and
Higgs, 2006; Gaillard et al., 2011), consistent with the role that
we postulate here, based on in vivo analysis.
RESULTS
Cloning and Characterization of exc-6/INF2
exc-6(rh103) displays shortened anterior and posterior EC ca-
nals (Figure 1C), as well as widened regions where the lumen
frequently splits into multiple continuous channels, as assessed
by electron microscopy, which can later fuse together or leave
a blind ending (Buechner et al., 1999) (Figure 1D; quantified
in Figure S1). Like wild-type lumens (Figure 1B), these supernu-
merary lumens are lined with apical F-actin (Figures 1B0 0 and
1D0 0), as assessed by labeling with the F-actin marker LifeAct
(Riedl et al., 2008) tagged with a red fluorescent protein (RFP)
(LifeAct::TagRFP).
We identified the lesion in exc-6(rh103) through whole genome
sequencing (Supplemental Experimental Procedures) and found
a missense mutation in a gene formerly called inft-1 (Mi-Mi et al.,
2012), an ortholog of the human formin INF2 (Shaye and Green-
wald, 2011) (Figures 1E and S1). We confirmed that this mutation
defines exc-6 by analyzing two independent null (0) alleles and
by RNAi (Figure S1). We also found that an exc-6 transcriptional
reporter is expressed in the EC (data not shown). Furthermore,
expression of Venus::EXC-6 specifically in the EC using a heter-
ologous promoter, glt-3p (Mano et al., 2007; Supplemental
Experimental Procedures), rescued exc-6(0) (Figure 1F, row 2;
Table S1), demonstrating that exc-6 acts in the EC.
EXC-6 has two conserved ‘‘formin homology’’ domains (FH1
and FH2) that bind actin and promote F-actin polymerization in
most known formins (Breitsprecher and Goode, 2013) (Fig-
ure 1E). In human INF2, this central region also binds MTs andDevelomodulates their stability (Andre´s-Delgado et al., 2012; Gaillard
et al., 2011). For all formins tested, actin binding and polymeriza-
tion activity requires conserved isoleucine and lysine residues in
FH2 (Breitsprecher and Goode, 2013) (Figure 1E). When these
conserved residues are mutated, as in Venus::EXC-6(I213A)
and Venus::EXC-6(K360A), ability to rescue exc-6(0) is lost (Fig-
ure 1F, rows 3 and 4; Table S1), suggesting that actin binding is
critical for exc-6 function.We note that INF2(I643A), equivalent to
EXC-6(I213A), abrogates actin polymerization but not MT bind-
ing (Korobova et al., 2013). Taken together, our results suggest
that exc-6 functions in the EC and that actin binding is required
for normal activity.
Human INF2 Can Functionally Substitute for EXC-6
when Autoinhibition Is Alleviated
Mutations in INF2 account for 11%–17% of cases of autosomal
dominant focal segmental glomerulosclerosis (FSGS) (Boyer
et al., 2011a; Brown et al., 2010), a kidney disease, and a distinct
set of INF2 mutations account for 75% of cases of FSGS with
Charcot-Marie-Tooth neuropathy (FSGS+CMT) (Boyer et al.,
2011b). Disease-causing mutations are dominant and map to
an autoinhibitory domain, the N-terminal ‘‘diaphanous inhibitory
domain’’ (DID) which forms an intramolecular complex with the
C-terminal ‘‘diaphanous autoregulatory domain’’ (DAD) (Fig-
ure 1E) to promote an autoinhibited, closed conformation that
negatively regulates formin activity (Breitsprecher and Goode,
2013). The DID also interacts with Cdc42 and Rac1 to regulate
INF2 activity (Madrid et al., 2010).
EXC-6 lacks overt DID and DAD domains. Moreover, the
N-terminal region prior to the FH1 domain in EXC-6 is quite short
(60 amino acids), which would not accommodate a known
N-terminal autoinhibitory domain such as the DID (typically
>200 amino acids) or the recently described N-terminal autoinhi-
bitory domain found in the Drosophila formin Cappuccino, which
appears to encompass >300 amino acids (Bor et al., 2012).
Therefore, we hypothesized that EXC-6 is a constitutively active
formin and, furthermore, that EXC-6 and human INF2 share a
conserved primordial function. These hypotheses were con-
firmed when we compared the ability of different forms of INF2
to rescue EC defects of an exc-6(0)mutant (Figure 1G). Full-
length Venus::INF2, predicted to be autoinhibited, was unable
to rescue exc-6(0) (Figure 1G, row 2; Table S1), consistent
with its assuming an autoinhibited conformation. In contrast,
Venus::INF2(FH1FH2), a fragment lacking autoinhibitory do-
mains, efficiently rescued exc-6(0) (Figure 1G, row 3; Table
S1), consistent with its having constitutive activity as well as
functional conservation with EXC-6.
All mutations that cause FSGS and FSGS+CMT characterized
to date are dominant and alter different residues in the DID
(Barua et al., 2013; Boyer et al., 2011a, 2011b; Brown et al.,
2010). Although hypothesized to interfere with DID-DAD-medi-
ated autoinhibition, leading to INF2 activation, in principle, they
could instead have antimorphic (dominant-negative) or neomor-
phic effects. We expressed Venus-tagged full-length INF2 con-
structs with disease-causing mutations in the EC and found
that, like constitutively active INF2(FH1FH2), these rescued
exc-6(0) (Figure 1G, rows 4–7; Table S1). These results provide
in vivo functional evidence that disease-causing mutations
cause constitutive INF2 activity.pmental Cell 32, 743–755, March 23, 2015 ª2015 Elsevier Inc. 745
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Figure 2. exc-6 Regulates F-Actin at a Leading-Edge Structure
(A–B0 0 ) The F-actinmarker LifeAct::TagRFP accumulates at the tip of EC canals throughout the life of the animal, as seen in (A–A0 0) first-larval (L1)- and (B–B0 0) third-
larval (L3)-stage wild-type hermaphrodites. This F-actin structure (A0 and B0) coincides with a region of the EC previously described as a basolateral leading edge
(Kolotuev et al., 2013), which contains cytoplasm (marked by CFP in A and B; outlined with a dashed blue line in the other panels) but lacks apical lumen.
Arrowheads denote the extent of lumen visible by DIC. Post., posterior.
(C–D0 0) In exc-6(0), F-actin-lined cysts (marked ‘‘c’’) are visible throughout the life of the animal, as seen in (C–C0 0) first-larval (L1)- and (D–D0 0) third-larval (L3)-stage
hermaphrodites, and the leading-edge F-actin structure is disrupted so that strong LifeAct::TagRFP accumulation (C0 and D0) is seen well behind an abnormal
leading edge.
Scale bars, 5 mm.EXC-6 Regulates F-Actin Accumulation at the Tip of EC
Canals
Given that EXC-6 encodes a formin and that actin binding resi-
dues are required for function, we analyzed F-actin in vivo using
our EC-specific, LifeAct::TagRFP reporter, which appears to be
a faithful reporter of F-actin in the EC (see text and Figure 4, pre-
sented later). In addition to labeling the F-actin that lines the api-
cal lumen, LifeAct::TagRFP also showed a distinct and strong
accumulation at the tip of EC canals (Figures 2A and 2B; Fig-
ure 3B). This region of strong F-actin accumulation overlaps
with the basolateral leading edge of EC canals, which contains
cytoplasm but not lumen (Kolotuev et al., 2013). Indeed, this
leading-edge F-actin can abut, but is distinct from, the lumen-lin-
ing apical F-actin (the extent of lumen visible by cytoplasmic CFP
and/or differential interference contrast [DIC] is denoted by ar-
rowheads in Figures 2A, 2B, and 3B). This leading-edge F-actin
structure is reminiscent of actin accumulation seen inDrosophila
terminal tracheal cells undergoing tubulogenesis (Gervais and
Casanova, 2010), suggesting that mechanisms regulating for-
mation and function of this F-actin structure may be conserved.
There is no obvious effect on F-actin accumulation lining the
lumen of exc-6(0) mutants (Figures 1D, 2C, 2D, and 3C). How-
ever, leading-edge F-actin is no longer organized in a discrete
region at the tip of the EC. Instead, this F-actin structure was
dispersed and failed to coincidewith the tip of EC canals (Figures
2C, 2D, and 3C). These observations suggest that EXC-6 is not
required for bulk F-actin polymerization and, instead, organizes
F-actin at the EC leading edge. The actin-binding requirement
for EXC-6 may be related to a role in polymerizing a specific
subset of F-actin at the leading edge, alternatively, actin binding
may be required to processively track along (Breitsprecher and746 Developmental Cell 32, 743–755, March 23, 2015 ª2015 ElsevierGoode, 2013), and organize, the leading-edge F-actin structure
during tubulogenesis.
When we visualized Venus::EXC-6 by immunohistochemistry
(Figure 3A) or by live imaging (Figure 3B; Movie S1), we found
strong accumulation along basolateral filamentous structures
in the cell body and throughout the EC canal arms, with
little or no colocalization with apical F-actin. We explore the na-
ture of these basolateral-localized filamentous structures in the
following text. In contrast, at the tip of EC canals, Venus::EXC-6
colocalizes with the leading-edge F-actin structure (Figure 3B).
It is important to note that Venus::EXC-6(I213A), which does not
rescue exc-6(0), also does not localize to this F-actin structure
(Figure 3C). Thus, actin binding, which is important for EXC-6
function, is also important for EXC-6 accumulation at the EC
leading edge. Taken together, our results suggest that exc-6
is not responsible for bulk F-actin polymerization in the
EC but, instead, specifically regulates F-actin at the leading
edge.
The Leading-Edge F-Actin Structure Coordinates Apical
and Basolateral Growth during EC Canal Development
exc-5/FGD1, which functions in the EC, is the ortholog of an acti-
vator of the Rho GTPase CDC-42/Cdc42 (Gao et al., 2001; Su-
zuki et al., 2001). Cdc42 has a conserved role in regulating actin
polymerization in many eukaryotic organisms (Heasman and
Ridley, 2008); therefore, it is possible that cdc-42 promotes actin
polymerization in the EC. Loss of cdc-42 causes early embryonic
lethality (Gotta et al., 2001; Kay and Hunter, 2001), so we are un-
able to test the role of cdc-42-mediated actin polymerization in
the EC. Instead, we assessed the effect of exc-5(0) on F-actin
by examining LifeAct::tagRFP accumulation. In exc-5(0), apicalInc.
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Figure 3. EXC-6 Localizes to, and Regulates, Leading-Edge F-Actin in the EC
(A–A0 0) Maximum projection of a confocal z stack from a transgenic animal immunostained to visualize (A) Venus::EXC-6 and (A’) ERM-1, which binds apical F-
actin (Go¨bel et al., 2004). Merge of Venus::EXC-6 and ERM-1 is shown in (A’’). In this region of the EC, which includes the cell body (the EC nucleus is marked),
Venus::EXC-6 accumulates in basolateral microfilaments and does not colocalize with apical ERM-1.
(B–B0 0 0 0) Maximum projection of spinning disk confocal z sections of a live wild-type hermaphrodite showing (B) cytoplasmic CFP, (B0) LifeAct::TagRFP, and (B0 0 )
Venus::EXC-6. Area boxed in (B–B0 0 ) is magnified in (B0 0 0 and B0 0 0 0). Arrowhead marks the extent of apical lumen, as seen with cytoplasmic CFP (B). Note leading-
edge F-actin structure past this point of lumen extension in (B0), magnified in (B0 0 0). Venus::EXC-6 (B0 0) colocalizes with F-actin only at this leading-edge structure
(B0 0 0 0). Post., posterior.
(C–C0 0 0 0) Maximum projection of spinning disk confocal z sections of a live exc-6(0) hermaphrodite showing (C) cytoplasmic CFP, (C0) LifeAct::TagRFP, and (C0 0)
Venus::EXC-6(I213A). Mutation of the conserved actin-binding Ile213 abolishes rescue of exc-6(0) (Figure 1F) and colocalization with the aberrant leading-edge F-
actin structure (C0–C0 0 0 0), without altering Venus::EXC-6 accumulation on basolateral microfilaments (arrows in C0 0 ). Ant., anterior.
(D–E0) In exc-5(0), apical F-actin is greatly decreased (compare to Figures 1B0 0, 2A0, 2B0, 3B0, and 3C0), most evident in cystic (‘‘c’’) regions (compare to cysts in
Figures 2C0 and 2D0 ), and the leading-edge F-actin structure is aberrant and no longer localizes to the EC canal tip.
(F and G) In (F) and (F0), the exc-6(0); exc-5(0) double mutant displays disorganized or absent F-actin in the EC and greatly reduced EC canal extension, which is
quantified in (G), demonstrating a significant decrease in outgrowth in the double mutant as compared to exc-5(0) and exc-6(0) singles.
(H) Quantification of the multiple lumen phenotype in exc-5(0), exc-6(0) singles, and an exc-6(0); exc-5(0) double. Note significant suppression of the exc-6(0)
phenotype in the double.
For (G) and (H), n = 30 animals of each genotype were scored. Significance was calculated by a Fisher’s exact two-tailed test.
Scale bars, 5 mm. Error bars indicate SD. *p% 0.05; **p% 0.01; ***p% 0.001.
See also Movie S1.
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F-actin was greatly reduced (Figures 3D and 3E; compare to Fig-
ures 2A and 2B). Reduction in apical F-actin was most clearly
evident in EC cysts in exc-5(0) (Figure 3E0). This reduction in F-
actin is not an artifact of the cystic phenotype, as strong apical
F-actin accumulation remains in cysts seen in exc-6(0) (Figures
2C0 and 2D0). These observations provide functional evidence
that exc-5/FGD1 regulates F-actin accumulation in the EC.
Regardless of whether exc-5 acts through cdc-42 to promote
F-actin accumulation by activation of actin-polymerizing factors
(Heasman andRidley, 2008) or whether it acts indirectly, perhaps
by regulating polarity or intracellular trafficking (Balklava et al.,
2007; Mattingly and Buechner, 2011), the observed effect of
exc-5(0) on F-actin allows us to use this mutant to assess the
role of F-actin on EC outgrowth and lumen formation by exc-6.
The exc-6(0); exc-5(0) double mutant revealed that the lead-
ing-edge F-actin structure promotes outgrowth and inhibits
lumen formation. In exc-5(0), the leading-edge F-actin structure
is disrupted and does not appropriately localize to EC canal tips
(Figures 3D and 3E; compare to Figures 2A and 2B), which is
similar to what is seen in exc-6(0) (Figures 2C and 2D). Moreover,
in exc-5(0), as in exc-6(0), the posterior EC canals are shortened,
but some outgrowth still occurs (Figures 1C, 3G, and S1), sug-
gesting an exc-5-dependent function in cell outgrowth. Given
that EC outgrowth appears to be, at least partially, independent
of lumen growth (Kolotuev et al., 2013), the loss of F-actin along
the lumen seen in exc-5(0) would not be expected to affect EC
outgrowth. Therefore, we hypothesize that a critical function
for exc-5 in outgrowth relies on regulation of the leading-edge
F-actin structure. Notably, this leading-edge F-actin structure
is absent (Figure 3F), and the outgrowth defect is strongly
enhanced (Figure 3G), in the exc-6(0); exc-5(0) double mutant,
suggesting that these genes function in parallel to promote lead-
ing-edge F-actin accumulation and EC outgrowth.
Additionally, in the exc-6(0); exc-5(0) double mutant, the su-
pernumerary lumens seen in exc-6(0) were significantly sup-
pressed (Figure 3H). Apical F-actin promotes lumen formation
(Khan et al., 2013; Kolotuev et al., 2013); therefore, suppression
of themultiple lumen phenotype by exc-5(0) suggests that exc-5-
dependent apical F-actin is a driver of supernumerary lumen for-
mation in exc-6(0). Given that EXC-6 limits lumen formation
[since supernumerary lumens are formed in exc-6(0) mutants],
that the leading-edge F-actin structure is the only region where
lumen-lining apical F-actin and Venus::EXC-6 are in close con-
tact (Figure 3B), and that loss of exc-6 disrupts the leading-
edge F-actin structure (Figures 2C, 2D, and 3C), we propose
that this structure not only plays a role in promoting EC
outgrowth but also limits apical lumen growth. Thus, the lead-
ing-edge F-actin structure may act as an ‘‘organizer’’ that coor-
dinates apical lumen and basolateral cell outgrowth during EC
tubulogenesis. This proposed organizer might be conserved,
as it is reminiscent of actin accumulation seen at the basolateral
tip of Drosophila tracheal terminal cells undergoing tubulogene-
sis. In these cells, actin and MTs are required for apical lumen
formation and basolateral cell outgrowth (Gervais and Casa-
nova, 2010). However, the mechanism that coordinates these
cytoskeletal components in the terminal cells remained un-
known. We suggest that the Drosophila ortholog of INF2, or
another actin-MT coordinating factor, may play a similar role in
terminal cell tubulogenesis.748 Developmental Cell 32, 743–755, March 23, 2015 ª2015 ElsevierEXC-6 Regulates Leading-Edge MT Accumulation
We identified the basolateral filamentous structures marked by
Venus::EXC-6 (Figure 3A; Movie S1) as MTs, because an EC-ex-
pressed 3xGFP-tagged Ensconsin MT-binding domain (EMTB)
(Richardson et al., 2014) displayed similar accumulation on ba-
solateral filamentous structures in vivo (Figure 4A; Movie S2).
Furthermore, we found colocalization between Venus::EXC-6
and a hemagglutinin (HA)-tagged EMTB (Figure 4C). Notably,
Venus::EXC-6(I213A) remains on basolateral MTs (Figure 3C0 0),
indicating that the I213A mutation specifically affects actin, but
not MT, binding. As there are no known mutations that specif-
ically affect the ability of INF2 to bind MTs, we cannot test a
form of EXC-6 that specifically affects MT binding without dis-
rupting actin binding.
We found EMTB::3xGFP, like Venus::EXC-6 (Figure 3B), at the
tip of EC canals, colocalizing with the leading-edge F-actin
structure (Figure 4A, dashed line). However, in this region,
EMTB::3xGFP is not organized in clear filamentous structures.
These observations suggest that F-actin and polymerizing MTs
interact at the leading edge, perhaps facilitated by EXC-6. This
idea is supported by the observation that EMTB::3xGFP is lost
from the leading edge in exc-6(0) (Figure 4B) and that INF2 can
bind to MTs and F-actin simultaneously in vitro (Gaillard et al.,
2011).
A Heterologous MT/F-Actin-Binding Protein Has exc-6
Activity
To test the idea that a key role of EXC-6 is to promote interac-
tions between MTs and F-actin, we assessed the ability of a
synthetic protein containing F-actin and MT-binding domains
to compensate for loss of exc-6. Remarkably, EMTB::3xGFP::Li-
feAct, a synthetic protein containing an EMTB and an F-actin
binding peptide (LifeAct) significantly rescued several exc-6 phe-
notypes, including themultiple-lumen phenotype (Figure 4D) and
the cystic and shortened posterior arm phenotypes (Table S1).
The individual domains alone did not display rescuing activity
(Figure 4D; Table S1). These results support the model that
EXC-6 coordinates the F-actin and MT cytoskeletons, likely at
the EC leading edge, where they colocalize.
Live Imaging Reveals that EXC-6 Regulates MT
Dynamics
Overall MT structure is not obviously disrupted in exc-6(0), as
EMTB::3xGFP accumulation on basolateral filamentous struc-
tures is not obviously affected in this mutant (Figure 4B). We
investigatedMT organization and dynamics using Venus-tagged
SAS-4, which marks centrosomes (Kirkham et al., 2003; Leidel
and Go¨nczy, 2003); Venus-tagged g-tubulin (Venus::TBG-1),
which marks MT organizing centers (MTOCs) (Feldman and Pri-
ess, 2012); and an mCherry-tagged EB-family protein (EBP-
2::mCh), which marks dynamic MT plus ends (Maniar et al.,
2012; Neumann and Hilliard, 2014; Richardson et al., 2014). In
wild-type, Venus::TBG-1 and EBP-2::mCh foci accumulate
throughout the EC canals with little overlap; in addition, a strong
punctum of Venus::TBG-1 was seen at the tips of the canals (Fig-
ures 4E and 4F; Movie S3). Unlike Venus::TBG-1, Venus::SAS-4
was restricted to the EC body and nearby canal regions (Fig-
ure 4G). Accumulation was strongest abutting the apical lumen
within the EC body (Figure 4G, arrowhead), and notably, twoInc.
strong SAS-4 foci, presumably centrosomes, were observed
throughout development (Figure 4G, arrows; Figure S2). Given
the restricted accumulation of Venus::SAS-4, it appears that
MTOCs along the EC are not associated with active centro-
somes. Thus, as in other tubular epithelia (Brodu et al., 2010;
Feldman and Priess, 2012; Gervais and Casanova, 2010), there
are multiple noncentrosomal MTOCs in the EC, and we found
a prominent MTOC at the proposed leading-edge ‘‘organizer.’’
In exc-6(0), there is increased accumulation of Venus::TBG-1
at the tips, coupled with a strong reduction, but not complete
loss, of Venus::TBG-1 along the EC canals (Figure 4F; Movie
S4), suggesting that MT nucleation and/or dynamics may be
affected in this mutant. Time-lapse imaging of wild-type ECs
(Movie S3) revealed that Venus::TBG-1-marked MTOCs are
static (Figure 4H), whereas EBP-2::mCh-marked MT plus ends
are highly dynamic (Figure 4H0). In exc-6(0), MTOCs remain static
(Movie S4) and EBP-2::mCh-marked plus ends remain motile
(Figure 4I; Movie S4), but their dynamics are dramatically
changed.
We analyzed EBP-2 kymographs (Figures 4H0 and 4I) to
assess MT dynamics (Maniar et al., 2012; Neumann and Hill-
iard, 2014; Richardson et al., 2014) and found a significant dif-
ference in MT directional growth in wild-type ECs: 80% of
EBP-2::mCh ‘‘tracks’’ grow in a retrograde direction (toward
the cell body), regardless of whether they were observed in
the anterior or posterior EC canal (Figures 4H0 and 4J; Movie
S3). This preferential ‘‘minus-end out’’ MT growth toward the
cell body is similar to that seen in dendrites of C. elegans
and other organisms (Maniar et al., 2012; Yan et al., 2013)
and is lost in exc-6(0) (Figures 4I and 4J; Movie S4). We
measured EBP-2::mCh velocity and found that both antero-
grade- and retrograde-directed MTs in wild-type display
similar velocities (0.22 ± 0.5mm/s and 0.23 ± 0.5mm/s, respec-
tively. Figure 4K), which is comparable to rates of MT dy-
namics in C. elegans neurons (Neumann and Hilliard, 2014).
In exc-6(0), average EBP-2::mCh velocity is significantly
increased (Figure 4K), suggesting that MTs grow at a faster
rate in this mutant. Finally, in wild-type, we found a small,
but significant, difference in the frequency of MT growth termi-
nation events, which has been equated with ‘‘catastrophe fre-
quency’’ (Leidel and Go¨nczy, 2003; Neumann and Hilliard,
2014), between anterograde- and retrograde-growing MTs:
anterograde MTs appear to suffer more catastrophes, and
thus are less stable, than retrograde-directed MTs (Figure 4L).
In exc-6(0), ‘‘catastrophe frequency’’ of retrograde-directed
MTs is significantly increased, so that the difference between
anterograde- and retrograde-directed MTs is lost (Figure 4L).
Taken together, these results suggest that MTs are regulated
in the EC to favor retrograde MT growth, or movement, and
that exc-6 is required for this regulation.
Genetic Modulation of MT Dynamics and Function
Modifies exc-6(0) Phenotypes
To assess whether the difference in MT dynamics that we
observed in exc-6(0) is functionally relevant to EC tubulogenesis,
we manipulated MT dynamics genetically in vivo using
well-characterized mutations in MT components or modulators.
C. elegans has nine a- and six b-tubulins (Gogonea et al., 1999).
The b-tubulin tbb-2 was reported to be expressed in the ECDevelo(Hunt-Newbury et al., 2007), and we found that a tbb-2(0)mutant
(Ellis et al., 2004) had phenotypes similar to, albeit at a lower
penetrance than, exc-6(0) (Figure 5A; Table S2). The exc-6(0)
tbb-2(0) double mutant was not enhanced relative to exc-6(0),
suggesting that exc-6 and tbb-2 function in a common pathway.
Instead, tbb-2(0) slightly, but significantly, suppressed exc-6(0)
(Figure 5A; Table S2), which is consistent with known regulatory
mechanisms that upregulate other, more stabilizing, b-tubulins in
the absence of TBB-2 (Ellis et al., 2004; Lu et al., 2004) (dis-
cussed later).
TBB-2-containing MTs are particularly sensitive to the MT-
severing complex katanin (Lu et al., 2004), composed of a cata-
lytic and a regulatory subunit encoded inC. elegans bymei-1 and
mei-2, respectively (Clark-Maguire and Mains, 1994; Srayko
et al., 2000). A gain-of-function tbb-2 allele reduces the suscep-
tibility of TBB-2-containing MTs to katanin (Lu et al., 2004). We
found significant suppression of exc-6(0) EC phenotypes by
this tbb-2 gain-of-function allele (Figure 5B; Table S2), suggest-
ing that stabilizing MTs by reducing their susceptibility to kata-
nin-mediated severing counteracts the loss of exc-6. Further-
more, we found that exc-6(0) EC defects were significantly
enhanced by amei-1 gain-of-function allele that increases kata-
nin activity (Srayko et al., 2000) and significantly suppressed by a
mei-2 allele that reduces katanin activity (Srayko et al., 2000)
(Figures 5C and 5D; Table S2).
The MT-based motor kinesin regulates neuronal MT polarity
and neurite outgrowth in C. elegans (Kirszenblat et al., 2013;
Maniar et al., 2012; Yan et al., 2013). We tested whether kinesin
affects EC outgrowth by examining the phenotypes caused by
reducing the activity of kinesin heavy and light chain genes
(Hoerndli et al., 2013; Patel et al., 1993; Sakamoto et al.,
2005; Yang et al., 2005). Reducing unc-116 (heavy chain) or
klc-2 (light chain) activity caused a mild, but significant, short-
ening of EC posterior arms and other EC phenotypes (Fig-
ure S3). Reduced activity of unc-116 or klc-2 also significantly
suppressed the multiple lumen phenotype (Figures 5E and 5F)
and other phenotypes (Figure S3) of exc-6(0). These observa-
tions suggest that kinesin plays a role in EC development and
that its activity contributes to EC abnormalities in exc-6(0).
Taken together, the results of our live imaging and genetic in-
teractions suggest that exc-6 plays a role in stabilizing retro-
grade-directed MTs and that MT-based motors play a role in
regulating EC tubulogenesis.
DISCUSSION
Tubular networks contain tubes of different diameters and often
culminate in small, typically single-cell-diameter, tubes where
gas or liquid exchange occurs. Studies of the vertebrate vascular
system, the Drosophila respiratory system, and the C. elegans
EC suggest that the mechanisms underlying generation of
these small tubes are highly conserved. Here, we described a
conserved regulator, exc-6, which is orthologous to the verte-
brate formin INF2.
As described herein, our results indicate that EXC-6 is required
to organize F-actin and MTs at the leading edge and, in addition,
modulates MT dynamics. Our results suggest that exc-6 has
two roles to coordinate apical and basolateral growth during
development of the EC canals (Figure 6). First, by promotingpmental Cell 32, 743–755, March 23, 2015 ª2015 Elsevier Inc. 749
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Figure 4. exc-6 Regulates MTs in the EC
(A–A0 0) Maximum projection of spinning disk confocal z sections of a live wild-type hermaphrodite showing (A) the MT marker EMTB::3xGFP and (A0) Life-
Act::TagRFP. The MT marker accumulates along basolateral filamentous structures, similar to Venus::EXC-6 (compare to Figures 3A–3C), and at the leading-
edge actin structure (dashed line marks extent of colocalization, seen in the merged panels shown in A0 0). Post., posterior.
(legend continued on next page)
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directional growth of MTs, it promotes basolateral extension:
EXC-6-mediated promotion of retrograde-directed MTs may
provide a force that promotes EC outgrowth, similar to the role
for dynamic MTs in neurite outgrowth in various organisms (Kirs-
zenblat et al., 2013; Lu et al., 2013; Schaefer et al., 2008). Sec-
ond, by organizing the F-actin structure at the leading edge,
EXC-6 ensures that lumen formation occurs in conjunction with
extension during canal development. A key role for exc-6 in regu-
lating lumen formation was suggested by the multiple lumen
phenotype associated with exc-6 loss, unique among EC
outgrowth mutants (Hedgecock et al., 1987; Marcus-Gueret
et al., 2012; McShea et al., 2013; Schmidt et al., 2009). Our dis-
covery of the leading-edge F-actin structure (Figures 2A, 2B, and
3B) and our finding that this leading-edge structure is the only
place where apical lumen and basolateral EXC-6 are in contact
(Figure 3B) lead us to propose a role for exc-6 in coordinating
apical and basolateral growth during tubulogenesis in the devel-
oping EC.
A role for INF2 during lumen formation in cultured hepatocytes
and MDCK cells had been previously described (Madrid et al.,
2010), where Cdc42-dependent activation of INF2, via the DID
domain, was found to be important for actin-dependent transcy-
tosis of the cargo MAL2 (which interacts with the nonconserved
C terminus of INF2), a critical step in extracellular lumen forma-
tion in cell culture. Our work defines a primordial role for EXC-
6/INF2 during in vivo tubulogenesis in coordinating F-actin and
MT cytoskeletons. This role is likely evolutionarily conserved,
as it resides within the highly conserved FH1FH2 region, and
activated human INF2 can substitute for EXC-6. Moreover,
INF2 is able to bindMTs and F-actin simultaneously in vitro (Gail-(B–B0 0) Maximum projection of spinning disk confocal z sections of a live exc-
Act::TagRFP. In exc-6(0), basolateral MTs along the EC canal are not disrupted, bu
(note lack of colocalization in the merged panels shown in B0 0).
(C–C0 0 0) Maximum projection of a confocal z stack from a transgenic animal imm
alization of Venus and 3xHA (arrows and C0 0 ), but no colocalization with apical L
(D) Assessment of exc-6(0) rescue by 3xGFP-tagged MT or F-actin-binding prot
Each bar represents an independent transgenic line (row 1, transgenes arEx2235
n = 60 animals, for each line, scored in rows 1 and 3. n = 30 animals, for each line,
each transgene in rows 1 and 2, was calculated by a Fisher’s exact two-tailed
exceptions are arEx2240 versus arEx2237 (p% 0.05) and arEx2240 versus arEx22
that, in this experiment, the controls (row 1 and row 2) display a higher penetrance
differences in genetic backgrounds, as the animals in Figure 1 carried the EC m
plasmic CFP from arIs198would have interfered with visualization of the 3xGFP us
itself versus Venus, which was used for translational fusions in Figure 1. For these
these two figures; thus, all phenotypic and statistical analyses are relative to con
(E–E0 0) In wild-type (E), Venus::TBG-1-marked MTOCs (arrows) are distributed thr
2::mCh-marked MT plus ends (magenta arrowheads) are also distributed along th
markers.
(F–F0 0) As shown in (F), in exc-6(0), strong and abnormal Venus::TBG-1 accumula
reduced but visible. (F0 ) EBP-2::mCh-marked MT plus ends are still visible (mag
text). (F0 0) Merging of (F) and (F0).
(G–G0 0) In wild-type (G), Venus::SAS-4 accumulation is restricted to the EC cell bo
region (arrowhead) and in two distinct foci (arrows) of the EC cell body. Venus::SA
suggesting that growing MTs along the EC canals are not associated with active
(H–I) Kymographs derived from live time-lapse spinning disk confocal imaging. In
MTOCs are static, whereas (H0) plus ends are dynamic, withmostmoving in a retro
a greater proportion move in an anterograde manner (red arrowheads). sec, sec
(J–L) Quantification of (J) MT plus-end direction, (K) velocity, and (L) ‘‘catastrophe
EBP-2::mCh tracks, andwhite bars represent retrograde-directed tracks. n = 42w
by a Fisher’s exact two-tailed test. In (K) and (L), significance was calculated by
Scale bars, 5 mm. Error bars indicate SD. *p% 0.05; **p% 0.01; ***p% 0.001.
See also Supplemental Experimental Procedures, Figure S2, Table S1, and Mov
Develolard et al., 2011). The Cdc42/INF2/MAL2-mediated regulation of
lumen formation may represent an evolutionary adaptation of
INF2 function for generating extracellular lumens, such as that
which occurs in hepatocytes andMDCK cells. Intriguingly, previ-
ous findings showed a requirement for actin and MTs in the traf-
ficking of cargo during transcytosis (Maples et al., 1997), an
INF2-dependent process (Madrid et al., 2010). It is tempting to
speculate that INF2, like EXC-6, may play a role in coordinating
actin and MTs during this process.
Our work also suggests an alternative way that aberrant
INF2 activity may cause human disease. We have functionally
validated the hypothesis (Boyer et al., 2011a, 2011b; Brown
et al., 2010) that mutations in INF2 that lead to kidney disease
(FSGS) and neuropathy (FSGS+CMT) cause constitutively
active function (Figure 1G). However, most discussions of de-
fects underlying kidney disease and neuropathy for patients
with INF2-related syndromes focus on the role of INF2 in modu-
lating the actin cytoskeleton, either directly or indirectly (Boyer
et al., 2011a, 2011b; Brown et al., 2010; Mathis et al., 2014;
Sun et al., 2011, 2013). Based on our findings, we propose
that it is important to consider that an effect on MT dynamics
may play a role in the disease process. In the EC, an effect on
dynamics was not evident upon inspection of MTs at steady
state (Figures 3D and 3E), and it was not until we performed
live imaging of MT ends that we detected a MT defect in exc-
6 mutants (Figures 5D–5H). It may be that, even though effects
on the steady-state level of MTs have not been observed, un-
regulated activity of INF2, as caused by the disease-associated
mutations, would adversely affect MT dynamics and contribute
to the disease process.6(0) hermaphrodite showing (B) the MT marker EMTB::3xGFP and (B0) Life-
t MT accumulation at the aberrant F-actin leading-edge structure is disordered
unostained to visualize (C) Venus::EXC-6 and (C0) EMTB::3xHA. Note coloc-
ifeAct::TagRFP in (C0 0 0).
eins, compared to a chimeric protein predicted to bind both MTs and F-actin.
and arEx2236; row 2, arEx2239 and arEx2240; row 3, arEx2237 and arEx2238).
scored in row 2. Significance of exc-6(0) rescue by transgenes in row 3, versus
test. Note that, for all but two comparisons, significance was p % 0.001. The
38 (p% 0.01). For rescue of other exc-6(0) phenotypes, see Table S1. We note
of exc-6(0) phenotypes than controls in Figures 1F and 1G. This may be due to
arker arIs198, whereas the animals here do not, because expression of cyto-
ed to mark the chimeric proteins. We also cannot preclude effects from 3xGFP
reasons, it is not appropriate to compare penetrance of phenotypes between
trols within the same experiment.
oughout the canal, with strong discrete accumulation seen at the tip. (E0) EBP-
e canal, and merge in (E0 0 ) shows that there is little or no overlap between these
tion is seen at canal tips (arrow). Distribution of MTOCs along canal is greatly
enta arrowheads), but their dynamics are changed (discussed in the following
dy and nearby canal regions, with a strong accumulation seen along the apical
S-4 accumulation does not coincide with EBP-2::mCherry punctae (G0 and G0 0),
centrosomes.
all kymographs, anterior (toward the EC cell body) is at the left. In wild-type, (H)
grademanner (white arrowheads). In exc-6(0), (I) plus ends are still dynamic, but
onds.
frequency’’ in wild-type and exc-6(0). Red bars represent anterograde-directed
ild-type and n = 33 exc-6(0) tracksmeasured. In (J), significancewas calculated
a two-tailed, unpaired, Student’s t test.
ies S2, S3, and S4.
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Figure 5. b-Tubulin, Katanin, and Kinesin
Interact Genetically with exc-6
See ‘‘Phenotypic Analyses and Genetic In-
teractions’’ in the Supplemental Experimental
Procedures for specific alleles and conditions
used. For each genotype in (A) through (D),
n = 60 animals were scored. For (E) and (F),
n = 30 were scored. For each panel shown
here, comparisons were made to wild-type and
single-mutant controls scored in parallel; no
comparisons are made between experiments.
Significance was calculated by a Fisher’s exact
two-tailed test.
(A) tbb-2(0) exhibits phenotypes similar to exc-
6(0), and a double mutant is not enhanced, sug-
gesting that tbb-2 and exc-6 function in a
common process. Indeed, tbb-2(0) significantly
suppressed some exc-6(0) phenotypes, consis-
tent with known regulatory interactions that up-
regulate other, more stable, b-tubulins in tbb-2(0)
(Ellis et al., 2004; Lu et al., 2004).
(B) A gain-of-function allele of tbb-2, which makes
MTs less sensitive to katanin-mediated severing
(Lu et al., 2004), suppresses exc-6(0).
(C) A gain-of-function allele of the katanin cata-
lytic subunit, mei-1 (Clark-Maguire and Mains,
1994), which enhances MT severing, enhances
exc-6(0) phenotypes. Note that, to ensure ho-
mozygosity of the dominant mei-1(gf) allele, this
mutation is linked to the recessive visible marker
unc-29(e1072). As a control for potential back-
ground effects caused by unc-29(e1072), this
recessive mutation was included in all strains
scored in (C).
(D) A temperature-sensitive loss-of-function allele
of the katanin regulatory subunit, mei-2 (Srayko
et al., 2000), which reduces MT severing, sup-
presses exc-6(0).
(E) Two independent alleles of the kinesin heavy
chain unc-116 (e2310 and rh24) suppress exc-
6(0).
(F) A strong loss-of-function allele of the kinesin
light chain klc-2 suppresses exc-6(0).
See also Supplemental Experimental Procedures,
Figure S3, and Table S2.EXPERIMENTAL PROCEDURES
Strains, Transgenes, and Phenotypic Analyses
Unless otherwise noted, standard methods were used for strain handling and
maintenance (Brenner, 1974). Mutant alleles are described in WormBase
(http://www.wormbase.org). Tables listing genotypes, transgenes, and plas-
mids used to generate them are described in the Supplemental Experimental
Procedures. To drive EC-specific expression, we used a truncated form of the
glt-3 regulatory region (Mano et al., 2007; Supplemental Experimental Proce-752 Developmental Cell 32, 743–755, March 23, 2015 ª2015 Elsevier Inc.dures). exc-6 rescue experiments were conducted
in the null mutant exc-6(gk386). For phenotypic
analyses, animals were mounted and visualized
as described in the Supplemental Experimental
Procedures. For statistical analyses, we per-
formed a Fisher’s exact two-tailed test when as-
sessing variance in phenotype penetrance (i.e.,
shortened anterior arms, presence of cysts, and
presence of multiple lumens). When assessing
quantitative differences (i.e., changes in average
cystic score, average posterior canal length [seeFigure S1 for scoring criteria], and measurements of MT dynamics), we report
the SD using error bars and performed unpaired, two-tailed Student’s t tests to
assess significance.
Molecular Biology
Standard methods were used for PCR amplification and cloning (details are
available upon request). See the ‘‘Primers’’ table in the Supplemental Experi-
mental Procedures for a description of all primers used in this study. We ampli-
fied cDNAs for ebp-2, exc-6, sas-4, and tbg-1 from the ProQuest C. elegans
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Figure 6. EXC-6 and a Leading-Edge F-Actin Structure Coordinate
Growth and Lumen Formation during EC Development
(A and B) (A) Relationship of genes and (B) overview of structures critical for EC
tubulogenesis. We propose that the leading edge F-actin structure functions
as an ‘‘organizer’’ of apical and basolateral growth via the ability of EXC-6 to
bind and regulate F-actin and MTs. In an exc-6 mutant, the function of this
organizer is disrupted, leading to an uncoupling of basolateral and apical
growth, manifested as supernumerary lumens and widened canals. Thus, the
EXC-6-dependent leading-edge structure appears to limit apical lumen so that
it grows in concert with the basolateral cell cortex. In addition, in exc-6(0),
MTOCs inappropriately accumulate at the leading edge, MT polarity is dis-
rupted, and MTs are less stable. The consequence of disrupting these cell
biological processes is a defect in cell outgrowth coupled with supernumerary
lumen formation.cDNA library (Life Technologies). The cDNA for the 17-amino-acid LifeAct pep-
tide (Riedl et al., 2008) was synthesized (Eurofins MWGOperon). For details on
how cDNAs were cloned into fluorescent-tag-encoding EC-expression vec-
tors, see the Supplemental Experimental Procedures. To mutate specific
amino acids in EXC-6, we used a PCR fusion approach (Hobert, 2002) in which
internal primers with overlapping sequences incorporated the mutations of in-
terest. PCR fusion products were used to replace wild-type sequences.
Expressing Human INF2 in C. elegans
To ensure optimal expression, we synthesized a C. elegans-codon-optimized
INF2 cDNA (Genewiz; sequence is available upon request). We note that human
INF2 generates two isoforms that differ at their C-termini (Ramabhadran et al.,
2011): INF2-1 has a specific 17-amino-acid sequence culminating in a CAAX
box, a signal for prenylation, that targets INF2-1 to ER membranes (Ramabha-
dran et al., 2011), which is important for aspects of INF2-1 function, such as
mitochondrial fission (Korobova et al., 2013). In contrast, at the C terminus of
the INF2-2 isoform, there are nine amino acids that replace the INF2-1-specific
sequence and do not encode a CAAXbox. Consistentwith this, INF2-2 does not
localize to membrane structures (Ramabhadran et al., 2011). EXC-6 does notDevelocontain a CAAX box, so prenylation is likely not required for exc-6 function.
We tested both isoforms of INF2 (Supplemental Experimental Procedures)
and found that the presence or absence of theCAAX boxwas not a determinant
of whether full-length INF2 could function in C. elegans (data not shown; Fig-
ure 1G, row 2; Figure S4). All INF2 experiments in Figures 1G and S4 were car-
ried out with the non-CAAX, INF2-2, isoform. Given that this form was able to
rescue exc-6(0) when activated by disease-causing mutations, we conclude
that theCAAX box is not required for exc-6/INF2 function in the EC. To introduce
disease-causing mutations into INF2, we used the PCR fusion approach (Sup-
plemental Experimental Procedures).SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
three figures, two tables, and four movies and can be found with this article on-
line at http://dx.doi.org/10.1016/j.devcel.2015.01.009.
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